Abstract. Cerebral aneurysm is a common disease with a high prevalence and can cause a catastrophic subarachnoid hemorrhage. To elucidate the molecular mechanism of the formation and progression of cerebral aneurysms, gene expression profiling was performed in experimentally induced rat cerebral aneurysms. The intima and media of cerebral arterial walls in rats with or without aneurysm induction were dissected respectively by a laser-microdissection technique. Changes in gene expression in the intima and media of aneurysmal walls were analyzed using Agilent Rat Oligo Microarrays, followed by a specific pathway analysis using GeneSpring software. Of the 41,012 genes examined, 633 were differentially expressed between a normal cerebral artery and a cerebral aneurysm in the intima, with 395 showing increased expression and 238 showing decreased expression. In the media, 1344 were differentially expressed, with 928 showing increased expression and 416 showing decreased expression. Specific pathway analysis revealed that increased gene expression was associated with proteinase, reactive oxygen species, growth factor, chemokine, complement, adhesion molecule and apoptosis in both the intima and the media of aneurysmal walls. Some genes showed an opposite expression pattern between the intima and the media indicating a different role between endothelial cells and vascular smooth muscle cells in cerebral aneurysm formation and progression. These data suggest that cerebral aneurysmal formation and progression are closely related to vascular inflammation, degeneration of extracellular matrix and apoptosis.
Introduction
Cerebral aneurysm (CA) is a common disease with a high prevalence ranging from 1 to 5 percent in large autopsy studies and CA can cause a catastrophic subarachnoid hemorrhage, one of the most severe forms of stroke (1). Despite the recent advances in the treatment of CAs, the outcome of patients with aneurysmal subarachnoid hemorrhage has not significantly improved. Given the devastating consequences of aneurysmal subarachnoid hemorrhage, development of a novel medical treatment to prevent the growth and rupture of CAs is essential. The pathophysiology of human CA is complex and involves multiple factors, such as the accumulation of inflammatory cells (2) , excessive degeneration of the extracellular matrix (ECM) in aneurysmal walls (3) and apoptotic cell death in medial smooth muscle cells (SMCs) (4, 5) . Progress in understanding the mechanisms underlying the initiation and progression of CA has been hampered by its multi-factorial nature. As two cell types, endothelial cells (ECs) and SMCs, exist in normal cerebral vascular walls, it is important to elucidate the role of each cell type in CA formation and progression.
We developed an animal model of experimentally induced CAs in rats (6) , mice (7) and monkeys (8) . In this model, CAs were spontaneously induced by hemodynamic stress and systemic hypertension (6) . The histopathological features are closely similar to human CAs (9) . In an attempt to elucidate the molecular events occurring in ECs and SMCs, respectively, during the process of CA formation and progression, we dissected the intima and media from rat CA samples by a laser-captured microdissection technique and performed a gene array analysis in each sample. This is the first study of DNA microarray analysis for CAs.
Materials and methods

Induction of experimentally induced cerebral aneurysms.
Cerebral aneurysms were induced as previously described by Nagata et al (10) . After the induction of pentobarbital anesthesia (50 mg/kg i.p.), the left common carotid artery and posterior branches of the bilateral renal arteries were ligated at the same time with 10-0 nylon in 7 week-old male Sprague-Dawley rats (Oriental Bioservice, Osaka, Japan).
Animals were fed special food containing 8% sodium chloride and 0.12% ß-aminopropionitrile (BAPN) (Tokyo Chemical, Tokyo, Japan), an inhibitor of lysyl oxidase that catalyzes the cross-linking of collagen and elastin. Animal care and experiments complied with the Japanese community standards on the care and use of laboratory animals.
Tissue preparation and laser-captured microdissection. One month after aneurysm induction, rats were deeply anesthetized. An age-matched male Sprague-Dawley rat served as a control. The anterior cerebral artery/olfactory artery (ACA/ OA) bifurcation was stripped in RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany) under a surgical microscope, embedded in OCT compound (Sakura, Tokyo, Japan) and rapidly frozen in liquid nitrogen. Sections (5 μm) were cut and mounted on foiled slides (Leica Microsystems Japan, Tokyo, Japan). After fixation, slides were incubated with Toluidine blue (pH 7.0) for 30 sec (Wako, Tokyo, Japan) and air-dried. From the tissue on the slides, the intimal portion of the cerebral aneurysms was initially dissected and then the medial portion was dissected by a laser-captured microdissection technique (Leica Microsystems Japan) (Fig. 1) .
RNA isolation, amplification and reverse transcription. Total RNA from the dissected tissue was isolated using the RNeasy Micro Kit (Qiagen) with 20 ng of carrier RNA, followed by the T7 RNA polymerase RNA amplification method by using the TargetAmp Aminoallyl-aRNA Amplification Kit (AR Brown, Tokyo, Japan) according to the manufacturer's directions. Briefly, the first cDNA synthesized by SuperScript reverse transcriptase (Invitrogen, Carlsbad, CA) and T7-oligo (dT) primer was subjected to in vitro transcription. Amplified RNA was again reverse-transcribed and amplified by in vitro transcription by using aminoallyl-UTP. Finally, aminoallylamplified RNA was purified by the RNeasy Mini Kit (Qiagen). The amount of amplified RNA was quantified by a spectrophotometer (NanoDrop, Wilmington, DE). The quality of the amplified RNA was confirmed by gel electrophoresis and by the absorbance ratio (A260/A280 ratio = 1.9-2.1).
DNA microarray. Aminoallyl-amplified RNA was labeled with Cy3 (for the control rat) or Cy5 (for a rat with aneurysm induction) and reverse transcribed into cDNA by Cy3 or Cy5 monoreactive dye (AR Brown). Cy3-or Cy5-labeled cDNA was purified using the RNeasy Mini Kit, fragmented, and applied to the Rat Oligo Microarray (Agilent, Santa Clara, CA) for 17 h at 65˚C. After washing, microarray plates were scanned by Agilent Technologies Microarray Scanner (Agilent). The ratio of Cy5/Cy3 was measured on the same plate and genes with a Cy5/Cy3 ratio >1.5 were considered significant. Data were analyzed by the use of GeneSpring software ver. 7.3.1 (Agilent) for a specific pathway analysis. The selected pathways were proteinase, reactive oxygen species (ROS), growth factor, chemokine, complement, adhesion molecule and apoptosis. Table I) . Of the 41,012 genes examined, 633 genes (1.54%) were differentially expressed between a normal cerebral artery and a cerebral aneurysm in the intima, with 395 genes showing increased expression and 238 genes showing decreased expression. Certain proteinase genes were upregulately expressed in the intima, including matrix metalloproteinase (MMP)-2 and -3, and cathepsin Z. In reactive oxygen species (ROS)-related genes, both superoxideproducing genes such as NADPH oxidase and superoxideeliminating genes such as superoxide dismutase-2 (SOD-2) were upregulated in the intima. Various growth factors for family members of fibroblast growth factor (FGF), transforming growth factor (TGF) and bone morphogenic protein (BMP) were upregulated in the intima. Important chemokines including monocyte chemoattracting protein-1 Table I . List of genes whose expression changed in the intima. (MCP-1, CCL2) and RANTES (CCL5) were upregulated in the intima of rat CAs. Complement C3 and C6 were also upregulated in the intima. Among adhesion molecules, several genes for family members of claudin and cadherin as well as vascular cell adhesion molecule-1 (VCAM-1) were upregulated in the intima. Apoptosis-related genes upregulated in the intima included a variety of proapoptotic genes such as Bcl-2 family members (Bok, Bik, Bmf), caspases (caspase-1 and -7), Fas ligand and tumor necrosis factor receptor superfamily (TNFRSF), whereas some antiapoptotic genes such as p21 and Fas apoptotic inhibitory molecule (FAIM) were also included. Table I . Continued. -
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Gene expression profile in the media of aneurysmal walls in rats (Table II) . Of the 41,012 genes examined, 1344 genes (3.27%) were differentially expressed between a normal cerebral artery and a cerebral aneurysm in the media, with 928 genes showing increased expression and 416 genes displaying decreased expression. In addition to MMP-2 and cathepsin Z, cathepsin B, D and Q were upregulated in the media. Tissue inhibitor of MMP (TIMP)-3 was upregulated, and cystatin C, an inhibitor of cysteine cathepsins, was downregulated in the media. Among ROS-related genes, both superoxide-producing genes such as inducible nitric oxide synthase (iNOS, Nos2) and superoxide-eliminating genes such as catalase were upregulated in the media. A variety of growth factors including family members of FGF, TGF and BMP were also upregulated in the media. However, FGF-3, FGF-12 and IL-4 were downregulated in the media. There was a similar expression pattern of chemokines between the intima and media. MCP-1 and RANTES were upregulated also in the media. Contrary to the upregulation in the intima, complement C3 and C6 were downregulated in the media. In addition to VCAM-1 and claudins, adhesion molecules between cells and ECM such as laminin, integrin and syndecan were upregulated in the media. Many apoptosis-related genes including caspases, bcl-2 family members and TNFRSF were upregulated in the media.
Discussion
The distinct features of CAs are inflammatory infiltrate and degenerative changes in vascular walls (11) . In the experimentally induced CA model used in the present study, CAs were induced at the cerebral arterial bifurcation by hemodynamic stress and systemic hypertension. Induced CAs share common pathological features with human CAs. Rat CAs show a thinning of the media due to a decrease in the number of medial SMCs (12) and disruption of the internal elastic lamina (13) . Some inflammatory cells, especially macrophages, accumulate in the walls of rat CAs (14) . Therefore, the results from the gene expression profiling of an experimentally induced CA in rats would provide us with information suggesting the pathophysiology of human CAs. In our experimentally induced CA model of rats, CAs were induced and progressed after aneurysm induction. One month after aneurysm induction, approximately half of the rats showed early aneurysmal change, which was characterized by the disruption of internal elastic lamina without outward bulging of arterial walls. Three months after aneurysm induction, almost all rats displayed advanced aneurysm, which was characterized by the disruption of the internal elastic lamina and the thinning of the media with apparent outward bulging of arterial walls (15) . We selected the time period of one month after aneurysm induction in the present study because the pathological changes in the arterial walls rapidly progressed. Family members of MMPs are thought to play a critical role in the development of various vascular diseases including atherosclerosis (16, 17) and aortic abdominal aneurysm (AAA) (18) (19) (20) by causing vascular remodeling in arterial walls. We recently demonstrated that macrophage-derived MMP-2 and -9 also participated in CA progression (14) . Although macrophages mainly produce MMPs in aneurysmal walls, ECs and SMCs also produce MMPs. In the present study, MMP-2 expression was upregulated in both the intima and media, reflecting upregulated expression of MMP-2 in ECs and SMCs. Notably, TIMP-3, the endogenous inhibitor of MMPs, was also upregulated in the intima. We reported that TIMP-1 and -2 are upregulatedly expressed in SMCs especially in the early stage of CA formation (15) . As TIMP-3 has an inhibitory effect on MMP-2 and -9, TIMP-3 may also play a role in CA formation and progression. Another proteinase inhibitor whose expression was altered with CA formation was cystatin C, an inhibitor for cysteine cathepsins. Cystatin C expression was downregulated in the media of a rat CA, suggesting the importance of the cathepsin/cystatin C imbalance in CA formation.
Oxidative stress contributes importantly to the pathophysiology of vascular inflammation. Oxidative stress can be defined as tissue damage occurring secondary to increased production and/or decreased destruction of ROS. Thus, the imbalance between production and destruction of ROS causes increased oxidative stress. In cerebral aneurysmal walls, both ROS-generating genes and antioxidant enzymes were upregulately expressed. We previously reported that iNOS promoted cerebral aneurysm progression (21, 22) . As the role of oxidative stress has been established in the progression of AAAs (23), it is likely that oxidative stress is increased in cerebral aneurysmal walls and participates in the pathogenesis of CAs.
Increased expression of various inflammatory cytokines and chemokines in cerebral aneurysmal walls strongly suggests that inflammation is deeply involved in the process of CA formation. Some chemoattractants for monocytes including CCL2 (MCP-1) were upregulated both in the intima and in the media. Macrophages accumulate into CA walls and are considered to be a major mediator of the inflammatory reaction in aneurysmal walls (2, 14) . VCAM-1, which also plays a major role in macrophage recruitment as a cell adhesion molecule for monocytes, was upregulated in aneurysmal walls, supporting the notion that macrophagederived chronic inflammation plays a major role in the process of CA formation.
Some previous reports have revealed complement deposition and activation in human CAs (2, 24) . The present study showed complex results for complement expression in aneurysmal walls. For example, C3, which triggers the alternative pathway, was upregulated in the intima and downregulated in the media. There may be a different regulation of complement mRNA expression between ECs and SMCs in CAs.
Apoptosis in medial SMCs is one of the prominent features of human CAs (4, 5) . We previously demonstrated apoptosis of SMCs in experimentally induced rat CAs (25) . Many proapoptotic genes such as Bcl-2 family members, Fas ligand and TNFRSF were upregulated both in the intima and in the media, suggesting that complex apoptotic cascades are activated in aneurysmal walls. In addition, IL-1ß, a potent proinflammatory cytokine, was also upregulated in aneurysmal walls in the present study. We previously demonstrated that CA progression was impaired in IL-1ß-deficient mice (26) . In IL-1ß-deficient mice, apoptotic cell death in medial SMCs INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 22: 595-603, 2008 Table II. Continued. In the present study, we described the gene expression profiles in cerebral aneurysmal walls for the first time.
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Various genes related to inflammation, ECM remodeling and apoptosis were dynamically regulated in cerebral aneurysmal walls. Differences existed in the gene expression profiles between the intima and the media indicating dissimilar roles for ECs and SMCs in CA progression. The findings in the present study provide a novel insight into the pathogenesis of CAs.
